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PREFACE 


A directional coupler is an electromagnetic device by which 
the magnitude of the voltage incident on and reflected by a lead 
can be monitored. Since broad band operation is becoming a re« 
quirement for most micrcwave systems, the power measuring device 
must aiso become broad band, This paper deals with the design 
and development considerations of such a broad band bi-directional 
coupler, 

This work is an outgrowth of a need for such a coupler in a 
Swept Frequency Oscillator System currently under development at 
Dalmo=Viotor Company, San Carlos, California. The actual bin 
Girectional coupler developed at DalmosmVictor from the theory to 
be presented here, substantiates this method as a practical means 
of broad band directional coupler design. 

The theory employed is not original, It is primarily the ree 
eult of correlating and applying the work of several outstanding 
men in the electromagnetic field, Their contributions are noted 
throughout the body of this paper. 

My sincere thanks to Professors C. E. Menneken and W. M. Bauer 
who as first and second readers contributed materially to this thesis 
by their helpful suggestions and criticiens, 
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CHAPTER I 


INTRODUCTION 


1, Summary 

Assuming that oscillators are available which will tune 
across the frequency band of a particular standard guide, the ane 
temna load matching problem still confronts the radar engineer, 
Supposedly, broad band antennas have been designed. This should 
mean that there are no frequenciss within the design bandwidth of 
the antenna at which high reflections oocur. However, such antennas 
can only be tested at a finite number of selected frequencies un# 
less a swept frequency oscillator system is used, The desired 
frequency bandwidth must be swept at a speed slow enough to give 
good resolution, This sweep is placed on the horizontal plates of 
an indicator, The swept frequency output is attached to a bi- 
directional coupler, whose main guide output goes to the antenna 
load. The two coupler outputs from the auxiliary guide proportional 
to the incident and reflected voltage of the load, are amplified 
through two separate logaritnmis amplifiers, The logarithmio oute 
puts go next to a difference eamuplifier from which the quotient of 
the reflected voltage to the incident voltage (coefficient or re» 
flection) can be obtained. This quotient is related to the voltage 


standing wave ratio by the following well kmow formula: 


vow = sel" where os =o7 (1) 
4-/f| Lie 
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This quotient signal is placed on the vertical plates on the in 
dicator whose face is calibrated with known values of VSWR. A 
block diagram of this system is illustrated in figure (1). 

By use of this system, it is readily ascertained if there are 
any frequencies where a bad mismatch of antenns to transmission 
wave guide exist. The accuracy of the entire system depends upon 
the accuracy with whieh the two coupler output voltages can be obs 
tained. The bi-directicnal coupler separates these two voltages 


and must therefore be carefully designed. 


2-e Definitions 

Practically every term of the directional coupler theory is 
defined differently, depending upon the author. An attempt will 
be made (1) to define only those terms used in this paper, (2) to 
use the most oommon, and if possible, logical definitions, and (3) 
to adhere consistently to these definitions throughout the text, 

Direetional couplers are used in both coaxial and wave guide 
syetems. Only wave guide directional couplers will be considered 
im this paper. 

A directional coupler is a means of coupling electromagnetic 
weaves from a main tranmissicn guide to an auxiliary guide, It has 
the property of propagating the wave which is traveling in the auxile 
jery guide in the direction of the main guide wave (forward wave), 

while attenuating the wave in the auxiliary guide which is traveling 
in the direction opposite to the main guide wave (backward weve). 


See figure (2). 
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* For measurement of these, all termin2ls must be 
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DIRECTIONAL COUPLER DEFINITIONS 


FIGURE (2) 
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It should be noted that directional couplers are symmetrical, 
which means they may be turned od for end with no effect on their 
external behavior. Referring to figure (2), it is seen that a 
voltage fed in at terminal 1 will divide between terminals 2 and 
3, without appearing at terminal 4; while a voltage fed in at terme 
inal 2 will divide between terminals 1 and 4 without appearing at 
terminal 3. In order for this statement to be strictly valid, the 
ideal oonditions of perfectly matched terminations and perfect dis 
rectivity must exist. However, this does serve to illustrate the 
principal properties of coupling and directivity of a directional 
coupler, 

The auxiliary guide of the coupler usually has a single out» 
put with the other ond terminated in its characteristic impedance, 
Zoe The coupler therefore is capable of monitoring only the inci 
dent or the refleoted wave at one time, depending upon its orientation 
in the wave guide system. It is of oourse possible to place two sch 
couplers back to back* to monitor the incident and reflected wave at 
the same time. This gives isolation to each auxiliary output arm 
but doubles the length of the overall coupling system. 

A bi-directional eoupler has two outputs in the auxiliary guide. 
It has the advantages over the single-ended back to back coupling 


of being shorter and using commen coupling elements for both outputs. 


“When two single output directional couplers heve their main guide 
connected in the wave guide system, with the coupler closest to the 
source positioned to moniter the incident voltage and the coupler 
closest to the load positioned to monitor the reflected voltage, 
they are said to be back to back, 
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However, these two arms have no isolation between them, which means 
that any reflection due to detector mismatch will introduce an error. 

Coupling elements are the physical means of coupling power from 
the main to the auxiliary guide. They take the form of probes, loops, 
or apertures of any shape and size placed anywhere in either the 
large or small faces of the guide, 

Coupling is one of two main terms which serve to specify the 
performance of a coupler. It is simply an indication of the amount 
of voltage coupled from the main to the auxiliary guide, as shown 
in figure (2), equation (1). Coupling is most commonly expressed 
in decibels as the ratio of the voltage delivered to the forward 
arm of the auxiliary guide to the voltage input to the coupler. 
Therefore, the coupling as defined here will always appear as a 
negative number of db, If a coupler is said to have ~lOdb ooupling, 
or just 10 db coupling, this means the voltage delivered to the far- 
ward arm of the auxiliary guide is 10 db below the input voltage. 

Directivity is the second term which specifies the performance 
of a coupler. It represents the effectiveness with which a coupler 
attenuates a backward wave and propagates the forward wave in the 
auxiliary guide. It is most commonly given in db and is the ratio 
of the voltage of the forward weve to the voltage of the backward 
wave in the auxiliary guide. A coupler with 20 db directivity con= 
tains voltage in the backward wave which is 20 db below the voltage 
in the forward wave, 

The VSWR of a coupler is often specified. However, when using 
Bethe's small hole theory for coupler design, the reflections of the 
coupler are usually so small compared with other reflections that 


they are insignificant. 
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Reflection Coefficient,|/"|, is the ratio of the reflected 
voltage to the incident <iling: 

Each of these last four terms are illustrated in figure (2) 
for a biedirectional coupler, 

All future references to "couplers" will apply to directional 


couplers unless otherwise specified, 


5S. Possible Uses 

Directional couplers have many uses in wave guide systems. 

Of these uses, the two most importent are its use in monitoring a 
source, and its use in monitoring a load, 

In monitoring a source, a coupler may monitor the power, the 
freqency, or the frequency spectrum of a transmitted pulee, Asa 
power monitor, the coupler will also be an attenuator, the amount 
of attenuation required depending upon the sensitivity of the dex 
teotion unit, With the attenuation a desirable feature, this type 
coupler will have loose coupling usually «20 db or less, The di- 
rectivity of this coupler need not be high sines for a fixed load 
and frequency, any error introduced in sources power measurements by 
low directivity may be calibrated out, 

In monitoring a load, a coupler will give an indication of how 
well the load is matched to the sarce, The coupling required for 
this coupler is a function of the sensitivity desired at the detec 
tor output. However, high directivity is required to measure small 
reflections. With a perfectly matched load (VSWR equal one), there 


would be no reflected voltage; therefore, the output voltage Ey, of 
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figure (2) should be zero since Eq is proportional to B.j». If By 
is zero, then fram equation (2) of figure (2), the directivity, D, 


is equal to infinity. This is perfect directivity and it means that 
none of the voltage of the main guide wave incident at terminal l 
travels in the backward direction in the auxiliary guide. With finite 
hole sizes for coupling elements, this is impossible even at a single 
frequency. However, directivities high enough to measure practical 
load VSWRs can be attained. For example, if it is desirable to meas~ 
ure the VSWR of a load dow to 1.05, the directivity must be high 
enough not to introduce error signals which would be of the same order 
of magnitude as the reflection to be measured, <A directivity of 32.2 
db would introduce an error of equal magnitude as the refiection of a 
1.05 load. If an attempt were made to measure a 1.05 load with a coupe 
ler having only 32.2 db directivity, by mechanically positioning the 
load, the magnitude of the voltage across the backward arm, Ey, would 
range from zero to twice the correct voltage. This variation is the 
result of the phase difference between the two equal magnitude voltages 
concerned. Therefore, in order to reduce the directivity error voitage 
to onewfifth of the reflected voltage of a 1.05 load, a directivity of 
46 db is required, 

If a singlemended directional coupler is set up to monitor reflected 
voltages, the reflected indication can be used to tune the load to a 
minimum reflection. However, if it is desired to read the coefficient 
of reflection without reversing the coupler, a bi-directional coupler 
mst be used. This is the usage which fostered this study and ths 


design of the coupler described later. 
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Directional couplers have also been used to introduce a signal 
to test receiver sensitivity, Also couplers have application as 
mixers, 

4. Comparison with Slotted Lines and Hybrids 

Load impedances can be measured either by measuring the refleo-~ 
tion coefficient or the VSWR of a load. A bidirectional coupler 
measures direct, while a slotted line measures VSWR only after 
moving the output probe to two separate positions. The accuracies 
of the two are comparable, Good slotted lines have accuracies of 
_2%. This compares with a directivity of 40 db. Carefully designed 
couplers oan do even better than this, but it seems the slotted line 
has reached its ultimate accuracy because of the discontinuity ine 
troduced by any probe, However, the slotted line can measure phase 
and magnitude while a coupler measures only magnitude, 

When measuring low reflections, measuring with a coupler is 
more accurate than measuring VSWR by a slotted line. If higher re- 
flections are to be measured, the use of a slotted line will give 
more accurate results. 

A -3db coupler has the same division of power between main and 
auxiliary guides as a hybrid magic tee. Low reflections can be meas= 
ured with the same acouracy with either the tee or the coupler, since 
each has approximately the same degree of isolation between arms. A 
amall hole coupler, however, has the very distinct advantage of having 
a VSWR of 1,95 or less across the guide frequency band, whereas the 


tee is very frequency sensitive, 
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CHAPTER II 


DESIGN CONSIDERATIONS 


1. General 

The specifications for a direotional coupler of tight coupling 
and high directivity across a frequency band are difficult to meet, 
The tight coupling requires relatively large coupling apertures; 
but the larger the apertures the greater the interaction betwee 
coupling elements and the lower the directivity. Thus, these spooi- 
fications are incompatible im this respect. However, both coupling 
and directivity inorease with the number of coupling apertures, all 
other variables held fixed, It then becomes apparent that the best 
way to meet these specifications is (1) to use coupling apertures 
as large as possible without interfering with directivity, and ther 
(2) to use as many coupling apertures as necessary to meet the ree 
quired coupling and direotivity, This approach will make the length 
of the coupler a minimum far any given specifimtions. 

Although there are other designs* which oan be used to obtain 
tight coupling, the so called multi-path directional couplers furnish 
the best possibility of satisfying both tight copling and high di-w 
reotivity. In this type coupler there are several coupling elements 
along the guide length; and, therefore, there are many paths for the 
waves to travel, The directivity and coupling are achieved by wave 


interference, constructive for the forward wave and destructive for the 


* 
For example, neareresonant slet couplers and branch guide couplers, 


-S=a 

























i arb ts 
ie Te 


ed 


Sphtyees ~wigyt ‘mo Teigsno Seumifebell » wh aaeltentt ines eae 
ieee @ thetion ena Shad qoumayetl © wreaee if EA oe ke 4 . 
eer wes andi 43% Rep ay montages yatyune Lag 
smvase wallbeveytl 4a staeny mi Aauarsege ba cornet OA 
~torgs epee qual sotettestis wen evel eat bow stones: 
lignes Med .eresst stangeen ali a efdddompene’ whe i 
de chee eae Inchon Ye mene ah tbe beens Of : 
deny a Cee toe cecge wemond awed St phwalt Lind sqldatanv 
wea tee gallgene om et (1) A ce ae pam at | 
ett tae pltniewnnth br patvetmtet dealt pe 2fkiehon na Oe 
mec eed Teme ce cweerosls 9a bbjeb tops gully tpn Ke | 
Cog o6r etam ide sdemeryee obi Sores kk ne 8H 
mtiia Rivets avy yu SY ela & 
whee ct ben ot pee ee Tpagieet Sect ens Ocee 
elect emetinnie Leh epee Mactan oe OM 
ts snth Une se\dged tante ed antaipa 20 Hiatawey Sr 
cetewe ly gedipeeo droves 14 pat aatgane wayt etme al owl 
wie es ek he POR med nono mum cargant wblien 9M 
veces beetle fe pntiginw ims qeietrnert® set « sbebent | 
<2 aA eR eh hee eraw Dunetes ete 4 evitoww aber | 








oe ieoes Siig Bode bom etetence Sele Junonia st ote 


backward weve. The destructive interference is caused by phase 
difference due to path difference, 

These mltipath couplers are readily compared with antenna 
arrays. The voltage coefficient of directional couplers is com» 
puted in the same manner as the current feed of antenm arrays. 
Reference will be made to this comparison later. 

Fir st let us consider a two element coupler, which is the 
simplest form of mitipath coupler, Its directivity is a result 
of (1) the quarter guide wave length spacing (Ay) of coupling ele 
ements, and (2) the inherent directivity of a single hole as explained 
by Bethe, The first of these is the greatest source of directivity 
and can be most easily explained by reference to figure (3). A vole 
tage wave is transferred from the main to the auxiliary guide by 
each coupling element, which oan be considered as a secondary source. 
Waves are emitted in all directions but wave motion is supported only 
along the guide in the TE), mode, This means that each coupling el- 
ement source transmits voltage waves in two directions, Esl of figure 
(3) represents the voltage of the backward traveling wave (moving to 
the left) coupled through coupling element 1, 5.) represents the 
voltage of the forward traveling wave (moving to the right) coupled 
through ooupling element 2. Ey) and Epo travel the same path length 
and will reinforoe to give a signal output at terminal 3 equal to 
Br, plus Epo. Epo will be in phase opposition to Ep) since it has 
traveled onesehalf guide wave length further than Baie Therefore, 


the output at terminal 4 will be proportional to the difference of 
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FIGURE (3) 
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Bo and Ezo if all terminations are perfectly matched. If the 
coupling elements or holes are of equal size E,, equals Epo. 
Furthermore, if they are infinitessimally small the path difference 
between Ep) and Epo is exactly r/2, and no backward wave exists, 
Therefore, two practical limitations on perfect directivity at one 
given frequency (corresponding torAg, are hole sise and longitud= 
inal hole spacing. The problem is increasingly complex with the 
requirement of high directivity across a 20% bandwidth, 

Several means of attaining tight coupling and high directivity 
over a broad band by use of multipath direstional couplers will now 
be discussed in order to determine the design criteria of not oaly 
aperture’ shape and size, but also aperture locations 
2. Coupling 

Coupling can be obtained in many ways through variously sized 
and shaped apertures, The apertures may be placed in either the 
small or the large dimension of the guide; and they may be located 
in various positions transversely and longitudinally along the guide 
and with respect to each other. Each of these dimensions mentioned 
are very critical and must be accurately computed and machined. 

The first limitation placed on coupling elements is physical. 
Obviously they can be no larger than the dimensions of the guide. 

1 


Also the size must be limited in order to make the small hole theory 


valid. 


*Coupling apertures are an obvious choice over probes and loops since 
the physical placement of the latter presents a problem, 
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The small hole theory will be discussed extensively in Chapter III. 
Working with small xeband wave guide, which supports frequencies 
from 8.2. to 12.4 KXC/seo, it has been shown” that the mall hole 
theory was reasonably accurate up to hole diameters of .350 inches, 

Miller and Mumford? achieved tight coupling up to complete 
transmission inte the auxiliary guide by means of a long slot. Use 
was made of the 90° phase delay experienced when coupling from the 
main to the auxiliary guide, along with a second 90° phase delay 
resulting from coupling from the auxiliary to the main guide at 
the next aperture. The severe reflections normally encountered in 
slot couplers were avoided by placing wires transversely across the 
slot, ‘These served to suppress the higher modes. Figure (4) illu- 
strates this type coupling. This in effect divided the slot into 
several apertures, The small guide dimension was used for coupling. 
Both theoretical and experimental results show this type coupling 
to be frequensy sensitive. 

A second coupling theory using the binomial array type coupler 
was first introduced by Harrison® and later used by Munford,° Bach 
successive hole of a binomial coupler couples a voltage which is 
proportional to the coefficients of the terms of the binomial exe 
pansion to the 2Nel power where 2N is the total number of elements, 
This array must use holes which are small enough to make the small 
hole theory valid in order to predict ite performance. However, 
either face of the guide may be used for the coupling. If the large 


is used, the coupling across the band will be reasonably flat since 
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FIGURE (4) 
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the frequency dependent part of the coupled voltage as shown later 
in equation (16), Chapter III is (a2 +5). The source cof this term 
will be shown in the next chapter. > 

A third approach to obtaining the tight coupling required ine 
wolves the use of Dolpht 5° antenna theory. It is similar to the 
binomial array coupler except that the veltage coefficients are 
made proportional to the normalized coefficients of the Tchebyscheff 
polynomial of order (2N~-1) where 2N is the total number of elements. 
This multiwelement array may be coupled on either face of the guide, 
The size of the holes will be limited not only by the physical die 
wensicns but also by the small hole theory. 

It was decided that the optimum shape of the apertures of either 
the binomial or the Tehebyscheff type couplers was round since this 
could be more easily machined than other odd shapes and still mains 
tain tolerances. A double row of small coupling holes, would 
double the voltage coupling capability, il.e., increase voltage 
coupling by 6 db. Since the holes must be small to make the small 
hole theory valid and since the broad dimension will be used for 
coupling, this does not place too stringent physical limitations on 
the hole diameters. For small x~band, the internal guide dimensions 
are 0.9%0.4", For a doubled row of coupling holes, therefore, the 
largest possible radius of a coupling hole is .225", or a diameter 
of .450", Sinee hole sizes must be limited to less than .350" in 
order to apply the small hole theory in the small xwband region, 


the above mentioned physical limitation is not significant, 
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3. Directivity 

The most obvious and universally used method of obtaining 
broadband directivity is that of warying the size of the coupling 
elements. This is know as taper, Figure (4) illustrates the 
methods of tapering used in the three previously discussed couplers. 
Also directivity increases directly with an increase in coupling 
elements. The limitation to this is the total practical length of 
a coupler. 

Miller and Mumford point out that the backward wave in a coupe 


ler is related to the shape of the coupling slot by the Fourier 


transform, 
+b/2 ‘ 
~J(4977/ Ag) #2. 
1, = ple e = ee (2) 
“La - 
ond Te =F { Ylalde (5) 
~t/2 


L is total length of coupling slot 
z is the longitudinal dimension of the guide 
Y (2) is the shape of the coupling function 
6 is the small dimension of the guide 
If the coupling were uniform over the interval of coupling, L, ieee, 


(f(z) equals one as shown in figure (5), then the directivity is 


given as 
+42 
2 a ribs (v77/agq) (4) 
p PT ge ere 
~b/z 
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CONSTANT COUPLING PLATE BY MILLER-MUMFORD 


FIGURE(5) 
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Integrating and substituting the identity sin x =@_-<€ 
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2r/A 
Plotting euspennidty as a function of L/r,» it was found that 
high theoretical directivities were attained after a length, L, 
of 2 to 3 wave-lengths. 
When the coupling function (z) was tapered as shown in figure 
(6), higher direotivities for a given length, L, were attained when 
compared with the above constant coupling function. Aotual measure- 


ments” 


ef directivity made were found to be in close accord with 
this theory. However, this theory is presented with directivity as 
the primary ebject, and the coupling was loose and not easily deter= 
mined theoretically in addition to being frequency sensitive, Coupling 
the large dimension with this tapered slot would eliminate the froe-= 
quency sensitivity objection. However, it is felt that this interruption 
of the E-field would give results which could not be predicted by the 
small hole theory. Nevertheless, this is a practical approach and 
will undoubtedly be successfully applied in the future, Time did not 
permit a deeper investigation of its possibilities. 

The binomial array is capable of giving wery high directivity 
if enough holes are used. The theoretical directivity versus free 
guenoy plot of this type coupler will resuit in infinite directivity 
at the design frequency, fo. The directivity is still high very close 


to £, but becomes increasingly worse the farther it is removed, 
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With a Tohebyscheff array®, the directivity is theoretically 
infinite at several frequencies across the suppressien band, This 
occurs with an oscillatory action which is a function of the order 
of the Tchebyscheff polynomial. Possibly it is easier to explain 
the directivity when working with an antenna pattern as illustrated. 
by Dolph. A zero side lobe radistion can be compared with a sero 
backward wave (infinite directivity). In the terminology of a di« 
rectional coupler, a coupler which has 2N coupling elements which 
couple voltage in proportion to the coefficients of a Tehebyscheff 
polynomial of order 2N-1, will have a computed backward wave which 
will oscillate about zero with a ripple of constant magnitude across 
the designed suppression band. Thus a Tohebyscheff array ms3 max 
imum error which is independent of frequency while the backward 


voltage of a binomial array is a function of frequency. 
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CHAPTER III 


THEORETICAL DESIGN 


After weighing the aboveementioned considerations of coupler 
design, it was decided to attempt to design and build a Tchebyschoff 
small hole type coupler with <3db coupling and 40 db directivity 
across the frequency bend of 8 to 10 kmc/sec. The large dimension 
was used for coupling in order to take advantage of the 6 db gain 
in coupling two rows of small holes, as well as obtaining relatively 
frequency insensitive coupling. In addition adventaze can be nade 
of the inherent directivity which will be discussed later, 

Bethe's! small hole theory is valid if the following limitations 
are imposed: 

(1) the coupling hole is much less than Ag 

(2) the holes are in an infinitely thin wall 

(3) that the holes are far from corners, and 

(4) that measurements are made far enough from the holes that 

the higher order modes excited there have been damped out. 

Assuming that these limitations are satisfied, we can make use 


of the following expressions: 


2 
&, = = A, (6) 
an (7) 


£, == Bp, os (an-1) Se 


nei 


or due to symmetry 


N 

Ez3= A> An (8) 
N 

By = 2E Bn os lens (9) 
nisi 
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where E, and E, are the cutputs as shown in figure (2) 


4 
2N is number of longitudinally distinct coupling holes 


A. is the forward coefficient of coupling for coupling hole 
8, 


B, is the backward coefficient of coupling for coupling hole 
Wy* 


BR 1,2,3,4,0ccceN 

Sz2t/is 

z is the longitudinal coordinate of the guide 
Equation (8) merely says that the voltage coupled in the forward 
direction is equal to the sum of all the voltages coupled by the 
individual apertures. Equation (9) states the same thing for the 
backward voltage but has the directional factor introduced by vire 


tue of path difference. 


Now considering the Tchebysoheff polynomials as defined by! 
T(x) = cos (mcos™*x) wl < x<+) (10) 
T,,(x) = ¢o sh(m oosh™*x) {xj >1 (11) 


If x equal to coséz is substituted for the argument of equation (10), 


it becomes 
T,(cosge)=cos mae for T>rhge>o (12) 


with m=(2n=1), equation (12) is in the form of equation (9) since 
the expansion of equation (12) contains only terms in cos(2n<l)cz 


and the terms end with n-N. Therefore, if the backward coefficients 
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of coupling, Bn, can be made proportional to the corresponding co- 
efficients of the Tohebyscheff polynomial of order 2Nel, the 
theoretical directivity will have a suppression band of equaleripple 
magnitude. These coefficients are developed in Appendix (B). 

Now a design parameter, 2,°, which determines the width of the 
suppression band, must be established. The value of 1500:1 for a 
ratio of forward to backward waves was chosen, This gives a D=635,5 
db which was considered to be mfficient overdesiga. Equation (13) 


determines ze as follows: 
Iden en 
to24[(39+19"-!) - (9-g*-1) J (13) 


In this equation, mis equal to 2Nel; the walue of 2N was established 
at 10 as a good compromise to limit hole size and still attain «3 db 
coupling. In addition the higher order Tehebyscheffs become diffi- 
cult to manipulate mathmatically. Thus for g=1500 and m=9, equation 
(13) was solved and £5 was found to be 1,42. 

With this value of £,, the coefficients of a Tchebyscheff poly~ 
nomial of order 9 were solved for. See Appendix (B). Making the 
coefficients of coupling proportional to the Tohebyscheff coefficients, 
and solving for hole size (this method to be shown later) resulted 
in the fact that for ~3db coupling the holes would overlap, However, 


this overlap result produced the idea of superimposition”*4 


of coupe 
ling coefficients to attain a reasonable size hole with the degree 
of coupling required. The result was the superimposition of four 


ten element arrays which resulted in a 22 element superimposed 
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Tohebyscheff type array. See Appendix (B) and figure (7). 


From Appendix (B), the total of all the Tehebyscheff coeffie 
cients, T,, for the 44 ccupling holes (two rows of 22) is 476.16, 


The total coupling ratio, A,, for #3 db coupling is 


Cdb = 20 log Ay Ay = «708 (14) 


The Tchebyscheff coefficients for the individual holes, T,, are 
tabulated in Appendix {B). ‘Therefore, the forward coefficient of 
coupling for each individual hole, A,, can be determined by solving 


the following simple ratios 


2x Ay -tn 
creas 


It may be noted that n needs to run only from 1 to 11 since the array 
is longitudinally symmetrical, and the pairs of holes located in the 
same transverse position are of the same size, as shown in figure (8). 
From the small hole theory’, the following expressions are for 
the forward voltage coefficient and the backward voltage coefficient, 


respectively, of one individual hole; n, 
* r 3 aa A e a ~ a a 2 
A=) ae {2 + 28 )sialrmy — Beky (Se) a - an, (% cas 7516) 
a 
+ 3 a & *) 
ss ‘ 24 A : <=“ be BEG é id 
B=, 27, fa, & + £2) 500 He 1 ity (SS Tby ay (Ge orf (27) 


3 as 


*These are developed in Appandix A. 


owl Sus 










oo 


at. exeed) bum (") 2g ee ete ogy f 
wittoce Finds schewt oF Lhe te letet o@ g(t) cthengad et 
Abed Wd (EE De pm cet) ceded yet Dee 48 ath oP gt ee 

Fi patiqowe i Bs wi gad .OhMbes antiques leant 


(ee) Boe fOr + et 


ie Oo welew Leatvites TE el pew eID TT ince Tiuergce * 

To SreleeVives bist wet retical) 2 (8) icbaeegh wr 
getvioe a lewlemben =o iow get yeied Lamhiwitin abe Ge 
Ott ay pi gue 


















os S22 7 
— a9 © 


“ as 


Yet o@ wtele LE Of fend) ahem mer of sheen @ 2008 Delen 
m2 ot becewod wesed te bei ol! lee tel eee © 
elt) eget eh ere oe et le ore ee So Oe or eee 
ee ee Lie att eee 
elim leltiecr em ley remainet at fie tantaidivcs agag les 


oo phlod Lact ifite! eat te 4th 


lag 


7 +. on” 
‘Lad, -—* Cm Ng 3 v = ele 


igh mm i ghee Dy ‘ 


+ cikmegae o< derclereh ens sana 
- 
nile 


es PASE Ue Gr Be NRO ert oe Eh Ze eee ab ek ree Ney RL POL Dir LSE IO TC FOO VOIP Esti eet 2? PPC, SLE EE PR NL IR AC POO EG IA TAL Die ee EL OR nj Od OA hs eh a hee ste end ee Mu ek Fae SM a OEE + te gel, AP ten OR AO ht mad ere Ne ne. feos a eet eal: ee al Meee, 2 tee 8 +- 


(L) Sunora 


Buna? 1 13 SANGLOLAMCO ATAMOSMRANOL GESO4 Iusans 


, 3 
wtsles - 


8 be AD NE OTE OP ME mE Tie SON A EE BAIN Te 


CL 1F at Gf Bl Lt 8 Gt bl C+ 









- 
; 


; 
Q 
co 
| 
QO} 
qeTOTEJOOO 


JjeuosAqeuoy, pesodutasdns 





Lp 


Wie 





Avday (NIv 9792 Or 49 ois i @ 
SAUM YY LIN WIT OV 72S wD PAULA pees 


DW PSOIW/IBPIOS SA'~ 1 & 22 ce 2 ad eee 


A NT AAT) at I SRE SD NT A A i i ee GR, a oe ome 8 at eet OLA LIS I OES COA A CO EL te Sil iether agitate tae i ciao a i Vee. oe. vy 
| 4 


SASAIWIsSaIIS “SAY IIY Lp 2277 OF IFOHL RS 
é ” 


T2SONM & LIS SKVIYY LNIWZIF OF OPE ZL) 


AD 


} 
| 
| 
f 
} 





-l9a-= 





| 
| 
| 


-aere 


noe ate 


(ocjEVeE|\PZe° = 
(1 p1eE" OZ’ 

(2)Sb0E° 'Boe' 
(p(Se' \Cee 

()B22" | Ore” 

pS: A87’ 

| oes <n ane a a 





x 
. 
N 
SS 
™ 
\y) 


Wi MHLZROPHL 


ery wissen eters ote Sw OR ee ee © I 


‘@) 
= M-L n 
= 9 ” 
22 ¢ nt 
= f 
= | vw 
= 2 " 





f 4agow blip 


Se 








> 0 00000000 
oO 090 OQQ00O 


Pee ce me me cae OE CS EE Re ee 








JHMO1S 


| 
ezricorererlia soweetuoawé6é83lOsewpezs 


ee 


OQ000000 00 « 
OQOOO0000 00 ° ° 


ORS re Ph POT ee gO + eq oe Pr eT ee eee 


on ON Oe 





i 
— 
ou7 


Aa Apysu ded dd v 
QONPIWN OU AD be 


PR a ere e ine eee SR e  IE a n e Peer P EE EPS Fm YE hm OT nw Se were eee 


J Mois KO INI SOLY Id ONE IATO 


ht wm we we. em men ee ee ee re ere ee ee 








| 
| 


PPE SOPs ae Cet nt ar oh MOA, Sa FEE Fo mee te ie etn al B. 


_ 


-19b- 





where a large inner dimension of the guide 
b small inner dimension of the guide 
r radius of the coupling hole 
A 9 guide wave-length 


xy distance from side of guide to the center of 
the ooupling hole 


z, spacing oenter to center between holes 


ata electrio field attermation factor due to 
guide thickness 


See figure (9) 
The three terms in the brackets arise from the eleotric field, 
the transverse component of the magnetic field, and the longitude 
inal component of the magnetic field, respectively. These are 
complex relations which are very unwieldy unless some simplifying 
assumptions are made, If the variables of equation (16) can be 
separated by legitimate approximations a coupling design may be 
established, 

The variables and are attenuation factors due to the 
finite wall thickness in which the holes are drilled. By use of 
these factors, limitation (2) on page 16 is no longer a restriction, 
These holes are considered as circular wave guides below cutoff, 
The electric field term from equation (16) sets up a ™ oy mode, 
while the magnetic field corresponds to the TEyy mode. Since 


the TM), mode is farther below outeff, it 1s attenuated mere than 


the TE}, mode. Therefore, the coefficient of attenuation for the 
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magnetic field w, is larger than the coefficient pe 


= ~ €246/ ; > 
de (2, a) = e@ 208 Sel” SPT (18) 


a Yu 
hy Pape pee tense Lt - CNEL S J (19) 


where “is a geometry factor which varies with the thickness, t, 
of the common wall and the radius, r, of the hole, A is free 
space wavelength, (See figure (9). 

The first approximation made in the small hole theory, equase 
tions (16) and (17) follows. Expanding the radical in the exponent 
of G-by the binomial theorem expansion, the second order and higher 
terms may be thrown out. Therefore equations (18) and (19) become 
funotions of “ alone; and further, upon fixing a value for the 
common wall thickness, q% and, become functions of the radius alom, 


Then equations (18) and (19) become 
Wp hale er Bics (20) 


Ay (2) = Peau oer (21) 


This first order approximation is a help in simplification; 
however, the variables r and4yare still not separable in equation 
(16). Thus a second approximation is introduced. Since the ay 
term appears in two terms and 4,appears in one term of equation (16) 
@® weighted attenuation factor will give a closer approximation thm 


the use of the predominant %,. 
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Therefore, let equations (20) and (21) become — 


~2,.029t/r 


Ke Grd = o,(P) = Ag, (=e (22) 


Now the 4, terms and the r terms of equation (16) may be separated, 
The forward coupling coefficient san now be written in the follow~- 


juf forms: 


: A mel ie, .% 2 3s 
Aiay) = De ae ; 2 + 2g )sin a ie TH as) cot EH (23) 


lA (2, ag) ] = { K(2)| | Fa (Ag) (24) 


where 


|g (Ag) | = {28 + 22) sintne, ~ 2(35)8° ES - 2(Hlee'thy (28) 


-2o0z9t/r 
lk«p>| = err Kby F) = arr ¢@ mic deal (26) 
3a°b >a 


The value of x, was established by plotting [Fy (Ag) | vs. x, at 


i 
the two extermities of 19 for «mall xeband guide, (Figure (10)) 
This will give the least deviation of coupling across the band, 
The intersection of these two curves established x) at 0.22 inches, 

The design value of Agwas established from a plot of lFaghs. 
as 
the final plot ofa@upling this will coincide with -3 db. This mean 


e A horizontal line was drawn at the mean value of /F,(a,)|. In 


existed for two separate values of 44. The smaller 4,was chosen 


in order to make the overall length of the coupler less, A,design WAS 
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established in this mamer at 3.24 om (2); = 0519"). See design 
figure (11). It will be shown later that 2) had to be increased, 
It was finally established at .350", 

The value of equation (25) at the design frequency (Ay) = -350) 


is a constant, i.e., 
[Fa (ag) wad 7 OF (27) 


From equation (24) 


-2.029 Fr 
, = 05 KGV=/0S x2iTr” e 
| Ay) Peay 6 ail ga" (28) 


For t+ = .025", a= 29", and b = .4", equation (28) becomes 
> - 046/F, 
|A (r) | = 6,79 fn © ‘ (29) 
By inspection of equation (17), it is seen that 


|B (p.agl = [KC * 1Fe (a3)! | (30) 


where 


|Fe ‘age (C3 2a + 2a. Sin “th + a 53 Jain Th ~ 2(24 jos} (31) 


|Fa(iao)| = 1.44 (32) 


3 ~,042/7,, 
iB (rn), | = 230 mE (33) 


Equations (29) and (33) are identical except for a constant com 


efficient, In order to get the correct coupling, the A(r), ° 
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should be proportional to the Tehebyscheff coefficients, On the 
other hand if the directivity is to be of equal ripple magnitude, 
the B(r),‘s should be set proportional to the Tchebyscheff coeffi- 
cients. The coupling should be within less than 1 db of =3 db, 
whereas the directivity can be anything as long as it is greater 
than 40 db, Therefore, the A(r).'s were used as the design co- 
efficients. 

The transcendental equation (29) was solved by assuming values 
of r end plotting A(r), Vs. ry, where n 1,2,3,c.e0ll1, which is the 


number of the particular hole considered, Taking the values of A, 
solved for previously by equation (15), the diameter of a parti 


cular hole may be found, by entering the plot of equation (29), 
This is only approximate since it is only as good as the curve 
can be read. This must be checked by solving equation (29) with 
the approximate radius to find its agreement with the true Ane 
This is repeated until the required accuracy of +,001" is obtained 
for the radii, The final radii values of the 44 ooupling holes 
are shown in figure (5). Note the largest hole size is d= .324", 
Ay /,must be greater than this to avoid overlap. Mechanical limi- 
icons require at least ,910" between the circumferences of the 
holes, This 2, was established previously at 20519" to give a 
minimum deviation of coupling. However, since it must be increased, 
it was arbitrarily set at 350". 

Thus having established the following design parameters, the 


coupler is complete; 
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(1) small xwband guide 


(2) hole sizes, r > n 4 TPE OE, csinicieiee ts 


n 


(3) xy the transverse hole position 


(4) 2), the longitudinal hole position, whic also 
- establishes the design frequency, 


See figure (5) for the final design. 
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CHAPTER IV 


EXPERIMENTAL RESULTS 


The above ooupler was manufactured as shown in the photograph, 
figure (12). The specified tolerence for the diameters of holes 
was 4.001", Some of the holes wore measured and found to be out~ 
side of this tolerance, The actual sizes are indicated in figure 
(8) 

The experimental laboratory setup for testing this coupler is . 
shown in the block diagram of figure (13), The measurement of coup= 
ling is straight forward, Coupling as defined in equation (8) was 
measured by the Hewlett-Packard 41% amplifier. A plot of coupling 
vse frequency is shown in figure (14). 

The directivity measurements require very exacting laboratory 
techniques due to the high voltage differentials measured, Ree 
ferring to figure (15), uote that the output mitre joint of terminal 
53 has been left off, Terminal 2 and 3 are then terminated with slid= 
ing loads which are 1,95 or better across the band. By the following 
technique the effect of the load reflsotions can be eliminated, Let 


“— wae 
E “and E. be the reflected voltage veotors of their respective termi- 
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nals. 
an # 
Ey =-/er* (34) 
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_! -~/’  J@): 35 
Bi sg’ e%* (35) 
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Let B, be the output voltage of terminal 4 and E, be the portion 
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of E, which is due to imperfect directivity. En is the voltage 


for which we mist solve, 


——— SE 


i, ce F,e F 
q <p (36) 
———y - 
Be -iye” (37) 
then 
—_ > a, al 
Es may = = +E, t+ K, £2 (38) 


If the sliding loads are carefully tuned for a maximum out~ 
put signal at terminal 4, then all of the phase angles are equal 


and the vector magnitudes may be added directly, 


a / 
< Sue, -- &, + ke 4, 


Man 


: (39) 


Now tuning the two sliding loads for a minimum output reading at 
terminal 4, means that the phase of Es is 180° out with the phase 


of Ez and Eo, Thus 


, 7 
famin = Fy — C&y + ke 4, ) (40) 
Solving these equations gives 


Em = €4mar +b, min (41) 
he 
fhe coupler is then reversed and the voltage output of terminal 


three, Ez is measured, 


*, constant less than one due to coupling 
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The db difference between Zz and E, is the directivity, ices, 


D= Eady ~Emdb (42) 





A plot of this directivity vs. frequency is shown in figure (16). 
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CHAPTER V 


CONCLUSION 


le General 

The experimental design of the bisdirectional coupler has 
been compared with the theoretical curves, in figures (14) and 
(16), In general it is felt that the results have been very close 
tothe theory. The experimental results show that the coupler has 
fallen slightly outside of specifications. However, it mist be 
stated that this coupler was designed entirely theoretically. No 
benefit from laboratory experience was available prior to the ulti- 
mate design. It is felt that the deviations from the specifications 
can be justified and corrected in future models, An attempt will be 
made to evaluate these justifications. 
2e Coupling 

The theory predicted a range in coupling, as shown in figure 
(14) from #2.,66 db at 8.2 kmo to a minimum of «3.31 db at 9.4 kno. 
This gives a db difference of .65,. The actual measured coupling 
ranged from -2.5 db at 8.5 knc to =3.4 db at 9.25 kmc, or a db 
difference of 0.9. The actual coupling of «3.5 db at 6.26 kme seems 
to be in error, so it will not be considered. The solid red line 
appears to be a realistic mean for the experimental coupling. This 
is an average error of about -C.4 db. 


The following are possible contributions to this error; 
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(1) Mechanical tolerances off,001" were requested but not 
obtei ned for the oritical coupling dimensions, Such tolerances 
ean be held, Since the radii were under size in all oases out of 
tolerance, this would indicate that the experimental result would 
show less coupling than the theoretical. This is not the overall 
CASE, 

(2) The first approximation introduced a first order error 
as can be seen by comparison of equations (19) and (21). If second 
order accuracy is used, the term ( a —e — (' -4 (342°) ) 
instead of "1", by the first order theory. The greatest error this 
approximation can introduce occurs when r is maximum or ,411 om and 
A is minimum or 2,42 om. The coupling using the first order theory 
gave -2.58 db. Thus the first order approximation has the affeot 
of enoreasing ooupling, which is the overall oase. 

(3) The second approximation indicated in (22) is a very good 
one, However, it introduces a small error which makes the actual 
coupling tighter than the theoretical. 

(4) Laboratory technique can be a random contribution to coup» 
ling measurement errors. It is estimated that the laboratory 
measurements are acourate to ~ 0.2 db. 

(5) The larger the radius of the coupling holes with respect 
to a wave length, the less valid is the first order theory. The 
largest hole diameter of this coupler is .324", This is becoming 


an appreciable part of a free space wave length which for 9 kme is 
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1.51", This is an error which aggravates the second error listed 
above. 

In consideration of these error possibilities, it is possible 
to reconcile partially at least, the theoretical with the experi« 
mental. 
$e. Directivity 

As shown in figure (16), the experimental directivity has a 
minimum of 37.8 db at 8.26 kmo. It is below specifications from 
8.26 to 8.5 kmc, There are several contributing factors. 

First the theoretical direotivity will be inspected. From 


figure (2), it is seen that 


b =ZO log fe (43) 


Substituting (6) and (7) in (43) 
N 


=. Be log cee An (44) 
= By, coslan-1) Be 
Now substituting (24) and (30) into (44) 
N) 
D = 20 leg Falag) + 20 log a. (45) 


eae SK yasanige 

The first term of (45) is a type of directivity which is inherent 
with any single hole. It can be either positive or negative, It 
gives positive directivity at the low frequencies and negative die# 
reotivity at the higher frequencies. This is opposite to the error 


existing in this coupler, 
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The second term is the source of equaleripple magnitude of 
reverse wave radiation. However, this optimum directivity is 
affected by the wide variation of the inherent direetivity. But 
this is not the only source causing directivity to fall off. 

The interketions between the holes of this multishole ooupler 
in the fundamental as well as higher aan is undoubtedly a source 
of error. The hole sizes as stated under "coupling™ above are 
another serious limitation, as well as the mechanical tolerances 
attainable, 

Probably, the largest contribution to this error was made by 
a design error. The A; design used was 3,56 om which corresponds 
to a frequency of 10.7 kmc. This is obviously a very poor design 
frequency for obtaining directivity from 8 to 10 kmo. This accounts 
for the dropeoff in directivity at the lower frequencies, which are 
getting near the limit of the suppression band as determined by zoo 
& design of 4.25 would center this optimum directivity at about 9,0 
kc. This of course would lengthen the coupler considerably, but 
this should easily give 40 db directivity from 8 to 10 kno. 

This coupler is also a compromise in length, Greater coupling 
length will allow the use of more holes with a decreases in the size 
of the holes. This will increase both directivity and coupling 
accuracy. 

Thus although it is very difficult to account for the results 
quantitatively, this qualitative disoussion does give some justi~ 


fication to the resultant errors. 
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APPENDIX A 


THE VOLTAGE COUPLING COEFFICIENTS FOR 
THE TE10 MODE AS DEVELOPED FROM BETHE'S 
SMALL HOLE THEORY 
Bethe? describes the voltage coupled through a small aperture 
by three lumped constants, namely two magnetio polarizabilities, M, 
and Mo, and one electric polarizability, P. These constants deter= 
mine the effect of any aperture on the wave guide. For simple shapes 
such as circles, ellipses, and slits, these polarizabilities have 
been calculated, Note that these constants sre independent of the 
field, They depend only on the geometry of the aperture, 
For the TE,9 mode, Bethe‘s formla for the voltage coefficient 
for the forward wave is 
A = or CP By, 4, - 01, Ay, Hy, ~ Ma He, Ha, Ee (arse) (46) 


where A.® free space wave-length 
3, 42 


S normalizing factor 2a bC 
AgAo 
P = electric polarizability for a round 


hole = or’ /3 
M) = transverse magnetic polarizability 
3 
for a round hole=4r [3 


longitudinal magnetic polarizability 


Ra 


for a round hole= 4r°/3 


Hy» H,, - field components in the 
main guide 
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Eyes Hy, Hg2 ~ field components in the auxiliary 
guide 


fb = 2 Ag is guide wave length 
; A 
x is the principal axis in the direction 
of the large guide dimension, a 
y is the principal axis in the direction 
of the small guide dimension, b 
z is the principal axis in the longitudinal 
direction 
The component fields for the TE 
H=C cosnx/e 


H_ = J2eC sintx/e 


10 Mode are 


AS 
y= Jdzac sinrx/e where C is a constant, 
Ao 
For small holes E, = Bs H,,= H,,3 and H, =Hee. 
Omitting for the time being the exponential factor and sub-= 
stituting the abowe equations into equation (46). 


A xjerc'(ia) [Pe Sairen ~<(sahitge -aleceg]] cen 


3a*o 


factoring our 20/r4 gives 


= A= Janel (5, )(22) )sin bi -K 3 se UE (23) ees? zs] (48 ) 


Now making use of the identity, {. =_/. 4 —:,Amay be eliminated 
Ao <a? Ag 


from the equation (48), leaving 


Az jarl( 3s + 8 )sia'ae - (gu )asen'ae we - (29 )2\cos"t#] (49) 
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This is the equation for determining the forward coupled voltage in 
@& common guide wall of zero thickness, If this wall has a finite 
tusokness, the eleotric term will have an attenuation coefficient, 
oles and the magnetic terms have an attenuation coefficient, of ye 
This results in the following final equation which is used in the 
texts 

A *v eek e (29 oe Sin = - 2A, 36 )sv Ts T¥ — Ra ys(23) ooo (50 ) 

3a 


with 


a (€, a) ¢ is thickness 


¢ lé,a) 


The voltage coefficient due to the backward wave is developed 


in an identical manner, differing only in signs as indicated below, 


3 Ag +24) 6/,1ryu (aa \ SA? TK - 20, (29 rs | (51 
eas “Te (3215S) +20, zt.) Sn! I Wf 49 jen ue \ ) 
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APPENDIX B 


THE DEVELOPMENT OF THE HOLE DIAMETERS FOR FORWARD VOLTAGE COUPLING 
COEFFICIENTS PROPORTIONAL TO TCHEBYSCHEFF POLYNOMIAL COEFFICIENTS 


Dolphts method of computing the Tehebyscheff coefficients for an 


antenna with 2N elements oan be applied to a directional coupler with 


2N apertures or holes, These coefficients will be made proportional 


to the forward voltage coupling coefficients rather than the feed 


currents of an antenna array. 


Selecting 2N as ten gives 
N ( 

F (= Ze, cosl2n-1)O (52) 
mst 


’ ‘ ’ — g6 
=t,cosO+ t, 20550 + ts OSSO +t 4S 70 tt. 


The nonsnormealized Tohebyscheff polynomials for oos(2n=1) G are for 
N=l, cos@e=zx 


2, @Ws2es4K?- 3% 
3 
3, Cosse= 1G k= LOX +S 
5 
cos7O = O4u"- N2ZK? + S64 -7xX 


4, 
6, @s90=-£S6 g* . S76 x + 432 ra (292 + OK 
Substituting these in (52) above 
Gay-,(*) = €,2 i 
+#tiax +t, er 
+t GN geomet y ‘go0" + ts joe. 
- ta 7x 4 ty 60%” by 2k? 4+ to 4y (53) 
GX - ts! 208° $ ty92K _ 6 576% + te 260k 


and then peat the terms gives 
Gon. h) = 256 te x 
+ (-576 tg + OF t2 yx 
t(#aa¢, - 2&3 Piet, )£> (54) 
+ (-ra0te + SGbL ~- 20 t* pat, )t 
F(Ot, -7tg+S5€, +3 é. ¥ ome 
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The Tehebyscheff polynomial of order 2Nel or 9, in Z ox is 
9 23 ae: 5.6 2 
Ve (20%) = 256U 25 -S76% 2, + F3L4 Ze 12002, + OLE, (55) 
Equating equations (Ss) and (ss) by setting like coefficients of x 
equal gives 


( 9 


t, = Zo (56) 
é, =9(és -Z) (57) 
bf, =-27lte 25) +75 (58) 
bf = 30 (tg -22) -14 t+ 56; (59) 
é/=-9leg-2.) + 74, -SES +3, (60) 


The parameter, 25, may be solved for by the following formulas 
/ ~- 4m 
2-4 [69 +f 4g - tea)” | 


For g equal to 1500 and m equal to 9, 


/ Mn 
Eos [cea +019» = LAR 


Substituting this value of 2, in equations (56) through (60), the 


non=normalized Tehebyscheff coefficients are obtained. 


ts = £0.60 
La viscose 
ty =£25./6 


b! =BE762 


a" = 50/.5/ 
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From these, the normalized coefficients are 


be = 1.20 
Vg = F.42 
Ea = 10,94 
2 =/8.8Bx 
6, = 29.985 


These coefficients must now be placed equal to the forward 
coupling coefficients, 4, where n goes from 1 to 10, corresponding 


to the holes of the ten ooupling elements, t. was made proportional 


to A, and Ayo because of symmetry, ty X Ag acre Ag 
t,o Ay and Ag 
by & Aa anol Ay 
2, x Aigond Ae 


For a #3 db coupler the holes corresponding to these coupling 
coefficients would be too large to conform with Bethe's small hole 
theory. Four ten element arrays with the voltage coefficients super~ 
imposed as shown in figure (7), were used. 


Array #2 tetygtst, t,t, tot,t,t. 
Array #5 tetytatyt t)tot,t,ts 
Array #4 t5tgtztot tt} totztats 





Element 1234 56 7 8 9 10111213141516171819202122 
Line of |Symmetry 


The velue of the final TL coofficients (where n is the total 
number of elements and now goes from 1 to 22) for a given element 
is the sum of the vertical column above the particular element to 


be computed, 


=3 9— 
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Due to symmetry the following tabulation need be made only for 
eleven elements: 
™ T2 43: Te "s %To T7 ‘Te .T9 Myo Tir 
1,00 4.42 10,95 18,82 24.0 24,55 18,382 10.95 4,42 1,90 

1.00 4.42 10,93 18.82 24.35 24.35 18,82 


1,00 442 10,93 








= 


1,00 4.42 10,935 18.82 25.35 28.77 29.75 29.75 29.77 29.77 29.75 








The total sum of the 22 Tehebyscheff soefficients as modified by the 
superimposition is 
T= 2 = Th = 474.16 
For coupling of #3 db, 
~3¢46 =20leg Ar § then 44, = 0.708 
where An is the total of the voltage ooefficients to be coupled, 
Then by the simple relation 2xTq/T,=Aq/Ans the voltage co~ 


efficient for hole n, A_, was computed. The two in this relation 


n? 
is for the two rows of 22 elements, 

The transcendental equation for A, was plotted by assuming 
values of rr,» Then by computing the values of A, from this equation, 
the radii of the 11 different sized coupling holes was obtained from 
this plot, For accuracy, the value of the radii obtained from the 
plot was substituted in the equation for A, to check if the correct 


value of voltage was couplad, 
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TABULATION of A, AND Dy 


Ay (Ag2)= 7.426x10 ~ d= 518" 
Ao(Ap1)= 3.282x10 ~ d2 = 9184 
Az (A209) = 80117x10 — dz = 6240 
44 (Ay9) =1.398x10 dy = 4282 
A5(Ayg) = 16382x10 dg = 0398 
be (Ay7) = 20136x10 dg = 9320 
A7(A16) = 20209x10 da= 324 
Ag (A15)= 24209x10 de = 0324 
Ag(Az4)= 20211x1l0 ~ dg= 324 
daofAig) =2e211xl0 dyy = 0524 
Ay}(Ay2) = 26209x10° ~ dy )= 0324 
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